. A rationally actions. Their structures and reaction mechanisms are designed 49-mer RNA (for the nucleotide sequence, see largely unknown. We have analyzed a ribozyme catabelow) containing these elements was found to accelerlyzing Diels-Alder cycloaddition reactions by compreate the reaction between a covalently tethered anthrahensive mutation analysis and a variety of probing cene and biotin maleimide about as fast as the parental techniques. New tertiary interactions involving base sequences (in cis reaction) [13] . These ribozymes were pairs between nucleotides of the 5 terminus and a later found to accelerate the cycloaddition reaction belarge internal loop forming a pseudoknot fold were tween dienes and dienophiles free in solution (in trans identified. The probing data indicate a preformed terreaction) in a truly bimolecular fashion. Catalysis proceeds tiary structure that shows no major changes on subwith multiple turnover and high enantioselectivity, making strate or product binding. Based on these observathis a unique ribozyme system [14].
helices, they were systematically destroyed and reassembled (Figure 2 ). When the respective strands in the helix I region were scrambled (i.e., each helix position replaced by its Watson-Crick counterpart), the combinations 11scr:24wt:18wt and 11wt:24scr:18wt gave no activity at all. The compensatory combination 11scr:24scr:18wt, however, restored activity to 70% wt. To test whether helix I is dispensable at all, it was replaced by a single-stranded tether of eight uridines that connects the 5Ј GGAG to position 7.1 in helix II in a unimolecular assay format. No catalytic activity could be detected.
For helix II, the phylogeny of the selected sequences indicated a rather strong conservation, both in length and in the purine/pyrimidine pattern [13] . To investigate this relationship, helix II was destroyed by simultaneously replacing G 21 combined either with the respective wild-type strand or with each other. Insertion 21.0U, creating a 1 nt 3Ј overhang, yielded 95% activity, which could be ex-RNA. Alternatively, experiments were conducted in the pected since all selected sequences contained extenpresence of free substrates or reaction products. The sive 3Ј overhangs. Surprisingly, insertion 7.0A, which results are compared with the consensus sequences generates a 1 nt hinge between helices I and II showed derived from the original selection.
70% of the wild-type activity. Even the double mutant 7.0A:21.0U with a 5 bp helix II still had 55% activity.
Results and Discussion
Deletion 7.1del was not tolerated (no activity), whereas deletion 21.1, i.e., shortening of the 3Ј end by one nucleProbing the Secondary Structure: The Role otide, was tolerated well (Ͼ90% wt).
of the Three Helices
The length and sequence of helix III were almost ranImportant features of the previously proposed seconddom in the selected sequences [13] . The only remarkary structure are (see Figure 1A ): (1) three double-helical able feature was its interface to the internal loop, where stems, (2) an asymmetric internal loop composed of a several occurrences of mismatches were found. To anapentanucleotide, UGCCA, and a hexanucleotide, AAU lyze the role of this interface, all 16 possible nucleotide ACU, and (3) the formally single-stranded 5Ј-terminal combinations of the closing base pair 13.1:14.1 were GGAG tetranucleotide, with the first G being the attachnow prepared. All combinations were within Ϯ20% of ment site for the anthracene. the wild-type activity, except for a U:U mutant which To allow for rapid screening of single and double mushowed a more dramatic reduction in activity (60% of tants, a tripartite ribozyme system was developed (Figthe wild-type activity) . It appears that these nucleotides ure 1B). This ribozyme system of a 24-mer, an 18-mer, are either not strongly paired, or that pairing does not and an anthracene-tethered 11-mer spontaneously reinfluence the formation of a catalytically active structure. assembles after mixing and has about 70% of the activity of the one-stranded in cis system. Reaction rates Probing the Secondary Structure: could be easily determined by a gel electrophoretic Enzymatic Probing assay (see the inset in Figure 1B) .
Enzymatic probing was employed to further study the secondary structure of the Diels-Alderase ribozyme. To probe the existence and importance of all three AAUACU, whereas the opposite pentanucleotide UGC positions 3 and 4. This high level of conservation suggests its importance for the formation of the active CA was only weakly hydrolyzed by S1. At the 5Ј terminus, the first three nucleotides, G 1 , G 2 , and A 3 , were found to structure. be susceptible to S1 digestion. The pattern of RNase T2-induced cleavage was found to be very similar. Under semidenaturing conditions, the reactivity of the nently, A 18 was more strongly modified under native conditions, compared to a semidenaturing environment four adenosines in the internal loop toward DEPC was reduced (A 12 served, all of which were located in the lower half of the 
Identification of Tertiary Interactions

tions, including carbon-carbon bond formation by
The quenched reaction aliquots were analyzed by denaturing polyDiels-Alder reaction. To obtain insight into the chemi- to consist of three helices, a large internal loop, and anthracene as described [13] . A corresponding one-stranded wildfour highly conserved nucleotides at the 5 terminus.
type ribozyme ( Figure 1A ) with tethered anthracene was used as a positive control.
The overall shape of the proposed three-dimensional
